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In this work we theoretically study a five level M-system whose two unpopulated ground states
are coupled by a micro-wave (MW) field. The key feature which makes M-systems more efficient in
comparison to closed loop Λ systems is the absence of MW field induced population transfer even at
high intensities of the later. We examine lineshape of probe absorption as a function of its detuning
in the presence of both control and MW fields. The MW field facilitates the narrowing of the probe
absorption lineshape in M-systems which is in contrast to closed loop Λ-systems. Hence this study
opens up a new avenue for atom based phase dependent MW magnetometry.
PACS numbers:
I. INTRODUCTION
Recently there are efforts towards atom based mi-
crowave (MW) electro- and magneto-metry due to their
high reproducibility, accuracy, resolution and stability
[1–3]. This is based upon the phenomenon of electro-
magnetically induced transparency (EIT) [4, 5] in which
the absorption property of a probe laser is altered in the
presence of control lasers in a multilevel system. The ba-
sis of EIT is the induced or transfer of coherence, TOC
between the levels which are not directly driven by opti-
cal control fields. The EIT has been explored extensively
in the three level Λ [6–12], V [13–15] and Ξ [16–22] sys-
tems. It has also been investigated beyond three level
systems such as in doubly driven V [23], N [24–28], Y
[29], inverted Y [30], ΞΛ [31, 32], tripod [33, 34] and dou-
bled tripod [35] systems. The role of various TOCs for a
general N -level atomic system has been well studied [36].
This phenomenon has been paid a great deal of attention
due to its potential applications in a wide variety of fields
like controlling the group velocity of light [9, 24], coher-
ent storage and retrieval of light [11, 12], high-resolution
spectroscopy [16, 21], studying photon-photon interac-
tion via Rydberg blockade [17, 18], photon transistor for
quantum optical information processing [19, 22, 37], etc.
The induced coherence of a Λ system can be drastically
modified by applying a low frequency field which couples
two ground levels. Two optical fields along with a lower
level coupling field (LL) form a closed loop three level
Λ system. The relative amplitude, detuning and phase
differences between the LL field and two optical fields
can play an important role in significantly manipulating
the optical property of the system such as dispersion,
absorption and nonlinearity [38–44].
In the above mentioned closed loop Λ system, pop-
ulation transfer is unavoidable in the presence of high
power MW field as it acts on one of the populated
states. The MW induced population transfer between
metastable states leads to imperfect transparency which
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limits many of the EIT based applications [45]. Here
we study an M-system wherein two unoccupied ground
states are coupled with a MW field and hence there is
no population transfer with this MW Rabi frequency.
This MW field also enhances the generated atomic co-
herence at the probe transition manifold which can not
be found in generic three level systems. This enhance-
ment of atomic coherence is a result of the interference
between excitation pathways from the different atomic
states.
The paper is organized as follows : in the next section,
we introduce the physical model and basic equations of
motion for a M-system by using a semiclassical theory.
In section II B, an approximate analytical expression for
linear susceptibility of a weak probe field is derived us-
ing the perturbative approach under three photon reso-
nance condition. After deriving the analytical form of the
atomic coherences, we compare it with the full numeri-
cal solution. In section III, we first explain the lineshape
of the probe laser absorption as a function of probe de-
tuning for various MW strengths and phases. Finally
M-systems are compared to closed loop Λ-systems both
having ground states coupled by MW field.
II. THEORETICAL FORMULATION
A. Model Configuration
We consider a five level atomic M-system as shown in
Fig. 1a. The electric field associated with the lasers driv-
ing the transition |i〉 → |i+ 1〉 is Ei,i+1e
i(ωLi,i+1t+φ
L
i,i+1).
The Ei,i+1 is amplitude, ωi,i+1 is the frequency and
φLi,i+1 is the phase. We define Rabi frequency Ωi,j =
di,jEi,je
iφLi,j/~ for the transition |i〉 → |j〉 having the
dipole moment matrix element di,j driven by a laser with
electric field amplitude Ei,j and the phase φ
L
i,j . The Ω12
is the Rabi frequency of the probe laser driving |1〉 →
|2〉 and shown with solid blue arrow in Fig. 1. The
Rabi frequencies of the control lasers driving the tran-
sitions |2〉 → |3〉, |3〉 → |4〉 and |4〉 → |5〉 are denoted
by Ω23, Ω34 and Ω45 respectively and shown with solid
2Figure 1: (Color online). (a) The general energy level diagram
for M-system. (b) The relevent energy level of 87Rb for D1
line to realize the M-system. (c) The magnetic sublevels in
the presence of the magnetic field of the hyperfine states to
realize the M-system.
red arrows. The lower level states |3〉 and |5〉 is cou-
pled by a MW field with Rabi frequency ΩMW35 as shown
with solid green arrow. The M-system can be realized
in 87Rb at the D1 line using the two hyperfine levels
Fg = 1 and Fg = 2 of the ground state 5S1/2 and the
hyperfine level Fe = 1 of excited state 5P1/2 as shown
in Fig. 1b. The decay rate of the excited state 5P1/2 is
2pi×6 MHz. We apply a large magnetic field to split the
magnetic sublevels to keep away the unwanted sublevels
from resonance and to define the quantization axis. The
sign and value of the Lande g factor for the chosen hy-
perfine is suitable to split and keep away the unwanted
transitions. At 200 G applied magnetic field the split-
ting of the magnetic sublevels for Fe = 1 is 2pi×46 MHz
and splitting for Fg = 2 and Fg = 1 is 2pi×140 MHz
as shown in Fig. 1c. We consider the probe to be σ−
polarized and driving the transition |Fg = 2;mF = +1〉
→ |Fe = 1;mF = 0〉. The pi polarized control laser is
driving the |Fg = 2;mF = 0〉 → |Fe = 1;mF = 0〉 tran-
sition. The two σ− polarized control lasers are driv-
ing the |Fg = 2;mF = 0〉 → |Fe = 1;mF = −1〉 and
|Fg = 1;mF = 0〉 → |Fe = 1;mF = −1〉 transitions as
shown in Fig. 1 c.
In the absence of the control lasers all the magnetic
sublevels of the hyperfine states Fg = 1 and Fg = 2
will be equally populated. However when the control
lasers are applied, the population in the ground states
connected with the control lasers will deplete. In the
steady state there will be no population left in the
|Fg = 1,mF = 0〉 and |Fg = 2,mF = 0〉 states as shown
in Fig. 1c.
The unperturbed atomic Hamiltonian can be written
as
H0 =
5∑
j=1
~ωj|j〉〈j|, (1)
where ~ωj is the energy of the |j〉 state. Under the action
of five coherent fields, the interaction Hamiltonian of the
system in the dipole approximation is given by
HI =
~Ω12
2
[eiω
L
12t + e−iω
L
12t]|1〉〈2|
+
~Ω23
2
[eiω
L
23t + e−iω
L
23t]|2〉〈3|
+
~Ω34
2
[eiω
L
34t + e−iω
L
34t]|3〉〈4|
+
~Ω45
2
[eiω
L
45t + e−iω
L
45t]|4〉〈5|
+
~ΩMW35
2
[eiω
MW
35 t + e−iω
MW
35 t]|3〉〈5| (2)
Hence the total Hamiltonian will be H = H0 +HI . We
use suitable unitary transformation to eliminate the ex-
plicit time dependent part in the Hamiltonian. In rotat-
ing wave approximation, the effective interaction Hamil-
tonian can be expressed as
HI = ~[0|1〉〈1| − δ12|2〉〈2| − (δ12 − δ23)|3〉〈3|
− (δ12 − δ23 + δ34)|4〉〈4| − (δ12 − δ23 + δ34 − δ45)|5〉〈5|
+
Ω12
2
|1〉〈2|+
Ω23
2
|2〉〈3|+
Ω34
2
|3〉〈4|+
Ω45
2
|4〉〈5|
+
ΩMW35
2
ei(−δ34+δ45+δ
MW
35 )t|3〉〈5|] + c.c., (3)
where δ12 = ω
L
12 − (ω2 − ω1), δ23 = ω
L
23 − (ω2 − ω3),
δ34 = ω
L
34 − (ω4 − ω3), δ45 = ω
L
45 − (ω4 − ω5) and
δMW35 = ω
MW
35 −(ω5−ω3) known as detunings of the lasers
for respective transitions. Now we impose the condition
δ45+δ
MW
35 −δ34 = 0, so that the time dependence is com-
pletely eliminated from the effective interaction Hamil-
tonian. To explore the dynamics of the atomic system,
we use the density matrix equations where radiative re-
laxation of the atomic states are included. The atomic
density operator ρ obey the following equations
ρ˙ = −
i
~
[HI , ρ]−
1
2
{Γ, ρ} (4)
where Γ is the relaxation matrix [46].
B. Perturbative Analysis
To study the response of the medium, we numerically
solve the density matrix equations at steady-state con-
dition. We derive an analytical expression for the probe
field response that is correct to first order in probe field
approximation and exact for the all order in control fields.
In this weak approximation, there will be no population
3transfer and hence the evolution of the population i.e.
diagonal terms of the density matrix such as ρ11, ρ22,
ρ33, ρ44 and ρ55 can be ignored with ρ11 ≈ 1, ρ22 ≈ 0,
ρ33 ≈ 0, ρ44 ≈ 0 and ρ55 ≈ 0. Time evolution for the
coherences i.e. off-diagonal terms of the density matrix
will be given by following set of equations
ρ˙12 ≈ −γ12ρ12 +
i
2
Ω12 +
i
2
Ω∗23ρ13,
ρ˙13 ≈ −γ13ρ13 −
i
2
Ω12ρ23 +
i
2
Ω23ρ12
+
i
2
Ω∗34ρ14 +
i
2
ΩMW∗35 ρ15,
ρ˙14 ≈ −γ14ρ14 −
i
2
Ω12ρ24 +
i
2
Ω34ρ13 +
i
2
Ω∗45ρ15,
ρ˙15 ≈ −γ15ρ15 −
i
2
Ω12ρ25 +
i
2
ΩMW35 ρ13 +
i
2
Ω45ρ14, (5)
where
γ12 =
[
Γ1 + Γ2
2
+ iδ12
]
,
γ13 =
[
Γ1 + Γ3
2
+ i (δ12 − δ23)
]
,
γ14 =
[
Γ1 + Γ4
2
+ i (δ12 − δ23 + δ34)
]
,
γ15 =
[
Γ1 + Γ5
2
+ i (δ12 − δ23 + δ34 − δ45)
]
.
The decay rate of the states |1〉, |2〉, |3〉, |4〉 and |5〉 are
given by Γ1, Γ2, Γ3, Γ4 and Γ5, respectively. Again
within the same weak probe limit, the coherences ρ23
≈ρ24≈ρ25≈0. Under the steady state condition i.e. ρ˙ij =
0, the equations (5) become
ρ12 =
i
2
Ω12
γ12
+
i
2
Ω∗23
γ12
ρ13
ρ13 =
i
2
Ω23
γ13
ρ12 +
i
2
Ω∗34
γ13
ρ14 +
i
2
ΩMW∗35
γ13
ρ15
ρ14 =
i
2
Ω34
γ14
ρ13 +
i
2
Ω∗45
γ14
ρ15
ρ15 =
i
2
ΩMW35
γ15
ρ13 +
i
2
Ω45
γ15
ρ14 (6)
We obtain following analytical expression for ρ12 by solv-
ing above linear algebraic equations
ρ12 =
i
2
Ω12
γ12
1 +
1
4
|Ω23|
2
γ12γ13
1+
1
4
|Ω34|
2
γ13γ14
+ i
4
|Ω34||Ω45||Ω
MW
35
|cosφ
γ13γ14γ15
+1
4
|ΩMW
35
|2
γ13γ15
1+ 1
4
|Ω45|
2
γ14γ15
, (7)
where φ = φMW35 − φ
L
34 − φ
L
45. In order to ensure
the correctness of the above approximation, in Fig.(2)
we plot the normalized absorption of the probe field
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Figure 2: (Color online). Comparison between an-
alytical and numerical solution for normalized absorp-
tion, Im(ρ12)Γ2/Ω12 vs δ12/Γ2. The red solid curve
corresponds to the analytical solution while blue open
circle points correspond to the full numerical solution
for Ω12=2pi× 0.01 MHz, |Ω23|=|Ω34|=|Ω45|=2pi×1 MHz,
|ΩMW35 |=2pi×0.3 MHz, φ=pi/2, δ23=δ34=δ45=δ
MW
35 =0, Γ1 =
Γ3 = Γ5 = 0 and Γ2 = Γ4 = 2pi× 6 MHz.
(Im(ρ12)Γ2/Ω12) as a function of normalized probe de-
tuning (δ12/Γ2) obtain from analytical expression of ρ12
as given in Eq.(7) as well as the complete numerical so-
lution of density matrix equation as stated in Eq.(4). It
is clear from Fig.(2) that the complete numerical results
are in an excellent agreement with the approximated an-
alytical solutions.
III. RESULTS AND DISCUSSIONS
A. Lineshape of the probe absorption
In this section, we study the effect of the MW field on
the lineshape of the probe absorption. We consider all
the control and MW fields are on the resonance. First
we discuss the role of individual control fields one by one
and finally the MW field. There is a broad Lorentzian
profile having a full width at half maximum of Γ2 which
is 2pi× 6 MHz in this case [7, 8]. At the line centre of the
Lorentzian profile, the probe response develops a sharp
EIT dip in the presence of the control field Ω23 [7, 36].
The linewidth of EIT dip depends decoherence rates and
the control field intensity |Ω23| and can be expressed as
∆ω ∝ |Ω23|
2/4Γ2 [47]. Here we have taken Γ1=Γ3=0,
as states |1〉 and |3〉 are the ground states. The control
laser Ω34 recovers the absorption against EIT and known
as EITA has been discussed in details in our previous
work [36]. When |Ω34| < |Ω23| the linewidth of EITA
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Figure 3: (Color online). Normalized probe ab-
sorption Im(ρ12)Γ2/Ω12 vs probe detuning in unit
of Γ2 (δ12/Γ2) for (a) |Ω
MW
35 |=2pi×0.1 MHz (b)
|ΩMW35 |=2pi×0.3 MHz. Other parameters are
Ω12=2pi×0.01 MHz, |Ω23|=|Ω34|=|Ω45|=2pi×1 MHz
δ23=δ34=δ45=δ
MW
35 =0. The dashed dotted red, solid
green and dashed blue curves represent φ = 0, φ = pi/2 and
φ = pi respectively
peak is comparable with the linewidth of EIT dip and
it is broadening with the increase of the Ω34. Finally
when |Ω34| > |Ω23| the linewidth of the EITA peak will
be Γ2. In the presence of the control laser Ω45 there
will be transparency against EITA, known as EITAT and
has also been discussed in our previous work [36]. The
linewidth of the EITAT is given by the expression,
∆ω ∝ |Ω23||Ω45|
4Γ2
[
(|Ω34|2+|Ω45|2)
(
1
|Ω23|
2+
1
|Ω45|
2+
|Ω34|
2
|Ω23|
2|Ω45|
2
)
−1
]
The linewidth of the EITAT is modulated by the three
control field intensities Ω23, Ω34, Ω45 and the decay rate
of the excited states |2〉, |4〉. Here we have taken Γ5=0, as
state |5〉 is the metastable ground state. The MW field,
ΩMW35 splits or shifts the EITAT dip, depending upon the
phase φ as below as shown in Fig. 3.
Fig. 3 shows the plot for normalized absorption
(Im(ρ12)Γ2/Ω12) vs probe detuning in the unit of (Γ2)
for various combination of the phase and the MW field
strength. In Fig. 3a for φ=0 there is shift of EITAT dip
by approximately
|ΩMW35 |
2 to the right while it shifts to
the left by same amount for φ=pi. For the φ = pi/2
there is broadening and reduction of the EITAT dip.
However with the relatively high value of the MW field,
|ΩMW35 |=2pi×0.3 MHz there is further reduction of EI-
TAT dip and splitting increases and visible as shown in
Fig. 3b.
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Figure 4: (Color online). Im(ρ12)Γ2/Ω12 vs Ω
MW
35 /Γ2 for
Ω12=2pi×0.01 MHz. The solid red curve is with |Ω23| =
|Ω34| = |Ω45|=2pi×1 MHz and φ = 0. The dashed green curve
is with |Ω23| = |Ω34|= |Ω45|=2pi×2 MHz and φ = 0. The
dotted blue curve is with |Ω23| = |Ω34|=|Ω45|=2pi×1 MHz
and φ = pi/2. The magenta dashed dotted curve is with
|Ω23| = |Ω34|=|Ω45|=2pi×2 MHz and φ = pi/2.
B. Effect of the MW power
The variation of the normalized probe absorption as a
function of the MW Rabi frequency, |ΩMW35 | in unit of Γ2
is shown in Fig. 4. As in the presence of the MW field the
EITAT dip shift, thus with increase of the MW Rabi fre-
quency the absorption increases and saturates to 1. The
slope of the absorption profile depends upon the EITAT
linewidth, and the narrower will be the linewidth sharper
will be the slope. As we see in Fig. 4 the red solid curve
shows the sharper rise in the absorption with the MW
Rabi frequency as compared to the dashed green curve.
This is because the EITAT dip linewidth is power broad-
ened by the control laser with higher Rabi frequency. The
red solid curve saturates faster as compare to the dotted
blue curve this is because with φ = pi/2 the EITAT dip
splits instead of shifting and hence will have lower slope
as compare to the φ = 0 with same Rabi frequency of the
control lasers.
IV. CLOSED LOOP Λ- VS M-SYSTEM
In this section, we discuss how the constraints of a
closed loop Λ-system [39] can be overcome by considering
a M-system in which the MW field couples the unpopu-
lated ground states. In Fig. 5, we study the probe ab-
sorption lineshape as a function of detuning under three-
photon resonance condition i.e. δ12 − δ23 − δ13 = 0 for
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Figure 5: (Color online). Normalized absorption,
Im(ρ12)Γ2/Ω12 as a function of probe detuning, δ12 in unit of
Γ2 for (a) the closed loop Λ-system with |Ω12|=2pi×0.01 MHz,
|Ω23|=2pi×1 MHz, |Ω
MW
35 |=2pi×0.3 MHz and φ = pi/2 (b) the
M-system in which the parameters are |Ω12|=2pi×0.01 MHz,
|Ω23|=|Ω34|=|Ω45|=2pi×1 MHz, |Ω
MW
35 |=2pi×0.3 MHz,
δ23=δ34=δ45=δ
MW
35 =0 and φ = 0.
a closed loop Λ-system and a M-system. The lineshape
under the approximation of no population transfer [39]
is denoted by open circles in Fig. 5(a). A Lorentzian
fit of the same (dashed blue curve) gives a linewidth of
0.028 Γ2. A full numerical solution for this system dis-
plays a broader linewidth (0.1 Γ2) as shown by the open
sqaures. The broadening of the lineshape is due to the
population transfer to the excited states which leads to
fluorescence. The solid green curve in Fig. 5(b) shows
the full numerical solution of the density matrix equa-
tion (4) at steady state condition for M-system. It is
found that the Lorentzian linewidth of the absorption
spectrum is 0.014 Γ2 as shown by dashed blue curve.
Therefore the Lorentzian linewidth of M-system is much
smaller than the Lorentzian linewidth of closed loop Λ-
system. Hence the population transfer can be suppressed
in the former system by MW field which is not possible
in the latter. Nevertheless, the transparency window can
be shifted by changing the total phase of the system at a
fixed linewidth. Thus M-systems driven by a MW field
can efficiently select the carrier frequency of the probe
field.
V. CONCLUSIONS
In conclusion, we have studied how the strength and
phase of the MW field can be efficiently used to ma-
nipulate the absorption property of the probe field in a
five-level M-type configuration. As our first result, we
have found that the transparency window of the probe
field can be shifted to a higher value by an amount
|ΩMW35 |
2
under zero total phase φ and resonant control field. The
changes in the position of the transparency window in fre-
quency space can enable us to select the desired carrier
probe field frequency. We also found that the linewidth
of the probe spectrum can be changed by changing the
strength and phase of both the control and MW fields.
Finally we have shown how M-systems can offer nar-
rower linewidth of the probe absorption spectrum even
at strengths of MW field as high as the control field. This
is unachievable in closed loop Λ-systems. The absence of
MW field induced population transfer in the M-systems
can lead to this narrowing effect. Hence this narrowing
of probe absorption spectrum can be used for an atom
based phase sensitive MW magnetometry.
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